THE NOTCH SIGNALING PATHWAY is critical for cell fate determination during embryonic development, including many aspects of vascular development (1, 40) . Notch receptor activity is mediated by sequential proteolysis. Full-length Notch is cleaved [site 1 (S1)] by a furin-like convertase to generate an extracellular component [Notch extracellular domain (NECD)] and a predominantly intracellular component (PIC), which remain associated by noncovalent interaction to form mature Notch receptors (9, 19) . The PIC comprises a large intracellular domain, a transmembrane region, and a small extracellular sequence, which is responsible for the interaction with the NECD. Notch activation is initiated by ligand-dependent (e.g., Delta and Jagged) or independent cleavage of the PIC within the extracellular sequence [site 2 (S2)] by a disintegrin and metalloprotease (ADAM) proteases, including TNF-␣-converting enzyme (TACE). S2 cleavage generates a membranetethered fragment of PIC termed Notch extracellular truncation (NEXT) and releases the NECD, which is then internalized and degraded (9, 19) . After the subsequent cleavage of NEXT by ␥-secretase [site 3 (S3)], the Notch intracellular domain (NICD) is released and translocates to the nucleus, where it forms a transcriptional activation complex with Cmp-binding factor-1/Su(H)/Lag-1 and coactivators of the mastermind-like family to regulate the expression of target genes including hairy and enhancer of split (Hes) and hairy-related transcription factor (HRT) (9, 19) .
Notch3 is predominantly expressed in arterial vascular smooth muscle cells (VSMCs) (8, 35) . Notch3 Ϫ/Ϫ mice have defects in arterial VSMC maturation, including decreased expression of differentiation markers and inappropriate cellular orientation (8) . Notch3 Ϫ/Ϫ mice also display impaired cerebral autoregulation and impaired pressure-induced myogenic constriction of isolated arteries while retaining the ability to constrict normally to other stimuli (4, 8) . Although these studies have suggested that Notch3 may positively regulate mechanotransduction in VSMCs (4, 8) , cyclic equibiaxial mechanical stretch of cultured VSMCs (4 -24 h) has been reported to inhibit Notch3 activity, based on decreased activity of Notch-3-dependent target genes (HRT and Hes) (25) . However, equibiaxial strain can affect cells in an opposite manner to the more physiologically relevant uniaxial strain (17, 32) . Furthermore, in response to cyclic stretch, cultured VSMCs rapidly realign perpendicular to the axis of the strain (7, 21) , which decreases the mechanical stimulus and can reverse strain-dependent responses (20, 32) . Therefore, the previous study may not have clearly defined the role of Notch3 signaling in VSMC mechanosensitivity. Mechanical stretch of VSMCs stimulates a rapid generation of ROS and redox-dependent activation of p38 MAPK, which then mediate stretch-induced responses including VSMC realignment (7, 30) . The goal of the present study was therefore to determine whether Notch3 has a role in early responses of VSMCs to uniaxial mechanical stimulation.
MATERIALS AND METHODS

Materials and cells.
Human aortic VSMCs were obtained from Lonza (Walkersville, MD). Cells were expanded in smooth muscle growth medium (SMGM; Lonza) and used between passage 4 and 8. Before experiments, cells were made quiescent by exchanging the growth media for quiescent media [50:50 mixture of DMEM and Ham's F-12 media with glutamine (200 mg/ml), penicillin-streptomycin (100 U/ml each), and ITS] containing 0% or 0.5% serum for 16 h (34) .
]-S-phenylglycine t-butyl ester (DAPT) were purchased from Calbiochem (San Diego, CA). DAPT is a selective inhibitor of ␥-secretase (24), whereas TAPI-1 has been shown to inhibit both ADAM10 and TACE (38) . Cells were treated with TAPI-1 (50 mol/l) (12) or DAPT (20 mol/l) (12) for 30 min before stimulation. Catalase (Sigma) is an antioxidant enzyme that degrades H 2O2. VSMCs were pretreated with catalase (1,200 U/ml) for 4 h before treatment (34) .
Jagged1-FC (Jag1-Fc, R&D Systems, Minneapolis, MN) and anti-Fc antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) were preclustered in a 1:1 combination at 4°C for 1 h (11, 22, 33) . The mixture was then used to treat cells. The final concentration of Jag1-Fc was 1 g/ml. Anti-Fc antibody alone (1 g/ml) was used as the "control" treatment. Preliminary experiments demonstrated that it did not cause any change of Hes1 or Notch3 processing at 0.5, 1, 3, or 5 h posttreatment (data not shown).
Plasmids and small interfering RNA transfections. Cells were transiently transfected by nucleofection with the Amaxa Nucleofector (Amaxa Biosystems, Gaithersburg, MD) according to the manufacturer's instructions (program no. CM137). Notch3 small interfering (si)RNA and negative control siRNA were purchased from Qiagen (Valencia, CA). The target sequence of Notch3 siRNA was 5=-ATGCCTAGACCTGGTGGACAA-3=. siRNA-transfected cells were cultured in SMGM for 2 days before the switch to quiescent medium. To assess Hes1 promoter activity, we used a luciferase Hes1 reporter construct, which was kindly provided by Dr. Michael Wang (University of Michigan). pRL-CMV (Promega, Madison, WI) was used as an internal control to normalize the firefly luciferase units. After transfection, cells were allowed to recover for 1 day in SMGM before the change to quiescent medium. Luciferase activity was analyzed using the dual-luciferase assay kit from Promega following the manufacturer's instructions. The final concentration of siRNA used for transfection was 0.5 M, Hes1 reporter plasmid was 50 g/ml, and pRL-CMV was 0.5 g/ml.
Stretch. VSMCs were cultured on silicone chambers that had been coated with collagen type I (100 g/ml, BD Biosciences, Bedford, MA). VSMCs were then left nonstretched or exposed to cyclic, uniaxial stretch using the STREX Cell Strain device (B-Bridge International, Mountain View, CA) with 10% elongation and 1 Hz for different time periods. For realignment experiments, cells were exposed to stretch for 24 h before analysis. The angles of nonstretched or stretched cells against the stretch direction were measured using ImageJ. The cell angles were sorted into nine groups: 0 -10, 11-20, 21-30, 31-40, 41-50, 51-60, 61-70, 71-80, and 81-90°. The total cell number was set as 100%, and the number in each group was expressed relative to this value.
Nuclei preparation. Methods were adapted from those of Natarajan et al. (28) . Briefly, confluent cell cultures were washed with cold PBS and suspended in 0.4 ml lysis buffer [10 mM HEPES (pH 7.9), 10 mM Fig. 1 . Activation of Notch3 signaling by cyclic stretch. Cultured vascular smooth muscle cells (VSMCs) were exposed to cyclic uniaxial stretch (10%, 1 Hz) for up to 3 h, and the expression levels of Notch3 extracellular domain (NECD), Notch3 predominantly intracellular component (PIC), hairy and enhancer of split-1 (Hes1; A), and hairy-related transcription factor-1 (HRT1; B), and ␤-actin were determined by Western blot. siRNA, small interfering RNA; siCtrl, control siRNA; siNotch3, Notch3 siRNA. Data are expressed as percent changes in protein level from 0 h (normalized to ␤-actin) and are presented as means Ϯ SE; n ϭ 5 (A) or 3 (B). Statistically significant differences from time 0 (**P Ͻ 0.01; ***P Ͻ 0.001) are indicated.
KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and protease inhibitor cocktail]. Cells were allowed to swell on ice for 15 min, after which 12.5 l of 10% Nonidet P-40 was added. The tube was then vortexed vigorously for 10 s, and the homogenate was centrifuged at 2,000 g for 30 s. The nuclear pellet was resuspended in 25 l ice-cold nuclear extraction buffer [20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and protease inhibitor cocktail] and incubated on ice for 30 min with intermittent mixing. Samples were centrifuged at 15,000 g for 5 min, and the supernatant used as the nuclear extract. All steps were carried out at 4°C.
Membrane and cytosol preparation. Methods were modified from those of Walker and Burgess (39) . Briefly, confluent cell cultures were rinsed twice in hypotonic buffer (10 mM HEPES, 10 mM KCI, 10 mM NaCl, 1 mM KH 2P04, 5 mM NaHC03, 1 mM CaC12, 0.5 mM MgC1 2, and protease inhibitor cocktail), scraped, and disrupted with 50 strokes in a Dounce-type homogeneizer. Lysates were centrifuged at 1,500 g to remove intact cells and nuclei. The supernatant was then centrifuged at 21,000 g for 1 h to generate cytosolic (supernatant) and membrane (pellet) fractions. The membrane pellet was resuspended in hypotonic buffer. All steps were carried out at 4°C.
Western blot analysis. Cells were lysed in sample buffer containing 2% SDS and 60 mM Tris·HCl (pH 6.8). Cell lysates were then boiled for 5 min. The total protein concentration was determined (BCA, Thermo Scientific, Rockford, IL), and 5-10 g protein was loaded for Western blot analysis. In brief, lysate proteins were resolved by 7% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA), which was blocked with 5% milk for 1 h at room temperature. The membrane was incubated overnight at 4°C with primary antibody followed by a secondary horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody for 1 h at room temperature (1:2,000 dilution, GE Healthcare). Mouse anti-Notch3 NECD was purchased from Novus (1:500 dilution, Littleton, CO), and rabbit anti-Notch3 was from Santa Cruz Biotechnology (1: 500 dilution, Santa Cruz, CA). This antibody recognizes Notch3 PIC, NEXT, and NICD species. Rabbit anti-Hes1 antibody was from Chemicon (1:1,000 dilution, Temecula, CA), rabbit anti-HRT1 was from Millipore (1:1,000 dilution, Temecula, CA), mouse anti-EGF receptor was from BD Biosciences (1:500 dilution, San Diego, CA), rabbit anti-lamin A/C was from Cell Signaling (1:2,000 dilution, Boston, MA), rabbit anti-p38 and rabbit anti-phospho-p38 were from Cell Signaling (1:500 dilution, Boston, MA), and mouse anti-␤-actin was from Sigma (1:2,000 dilution). Blots were developed using enhanced chemiluminescence and quantified using ImageQuant TL (GE Healthcare).
Detection of ROS. The ROS-sensitive fluorescent probe 5-(and 6)-chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate (DCDHF; Invitrogen, Eugene, OR) was used to assess intracellular ROS activity (34) . Cells were equilibrated in control Krebs bicarbonate solution [which contained (in mmol/l) 118.3 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 2.5 CaCl2, 25.0 NaHCO3, and 11.1 glucose] for 1 h, and DCDHF (final concentration: 5 g/ml) was then added to the cells 30 min before stretch (34) . After 5 min of stretch (or no stimulation for nonstretched control cells), cells were rinsed with cold Krebs solution (4°C) and kept on ice. Fluorescence activity in cells was quantified immediately using a Leica AOBS-equipped SP5 laser scanning microscope. Images (512 ϫ 512 pixels) were obtained using a ϫ63 dipping objective (0.9 numerical aperture), a pinhole of 1 Airy unit, scan speed of 400 Hz, and 4-line averaging. Excitation was at 488 nm, and emission was captured from 497 to 568 nm. Images are presented in their original unprocessed condition. Fluorescence intensity was determined using regions of interest (ROI) for each cell. The mean of the average ROI signal intensities in control nonstretched VSMCs was set as 100%, and all images in each experiment were expressed relative to that value.
TACE activity assay. To assess TACE activity, cells were rinsed once with PBS and then incubated with TACE fluorogenic substrate (Abz-LAQAVRSSSR-Dpa, Calbiochem) solution [20 mol/l, prepared in 50 mmol/l Tris·HCl (pH 7.4), 25 mmol/l NaCl, and 4% glycerol]. After 1 h of incubation at 37°C, 100 l of the reaction solution were transferred to a 96-well plate, and fluorescence was determined using a plate reader with excitation at 320 nm and emission at 420 nm. This fluorogenic substrate is preferentially cleaved by TACE, with no substantially activity from other metalloproteinases (16, 26) .
Statistics. Statistical evaluation of the data was performed by Student's t-test for paired or unpaired observations. When more than two means were compared, ANOVA was used. If a significant Fig. 2 . Effects of molecular inhibition of Notch3 (siRNA) on the expression of Notch3 (A) and the stretch-induced activation of Notch3 signaling (B). Expression levels of full-length Notch3 (FL-Notch3), NECD, PIC, and Hes1 were determined by Western blot analysis. A: cells were transfected with control or Notch3 siRNA as described in MATERIALS AND METHODS. B: cells were exposed to cyclic uniaxial stretch (10%, 1 Hz) or left nonstretched for 60 mins. Hes1 data are expressed as percent changes of protein level from nonstretched control siRNA-transfected cells (normalized to ␤-actin) and are presented as means Ϯ SE; n ϭ 3. Statistically significant differences from nonstretched control siRNA-transfected cells (*P Ͻ 0.05) and from stretched control siRNA-transfected cells (#P Ͻ 0.05; not shown for comparisons with nonstretched cells) are indicated.
F-value was found, Tukey's test for multiple comparisons was used to identify differences among groups. Unless stated otherwise, data are expressed as means Ϯ SE for n number of experiments, where n equals the number of different cultures. Values were considered to be statistically different when P Ͻ 0.05.
RESULTS
Cyclic stretch of VSMCs activates Notch3. Cyclic stretch of VSMCs increased expression of the Notch3 target proteins Hes1 and HRT1 (Fig. 1) and increased Hes1 reporter activity (data not shown). The stretch-induced increase in Hes1 expression was abolished by siRNA-mediated knockdown of Notch3 (Fig. 2) or by selective inhibition of ADAM/ TACE (TAPI-1, 50 mol/l) or ␥-secretase (DAPT, 20 mol/ l), which inhibit the S2 and S3 activation steps of Notch3, respectively (Fig. 3) . Direct stimulation of Notch3 by the exogenous Notch activator Jag1-Fc (1 g/ml) also increased the expression of Hes1 (Fig. 4) .
As observed in other systems (15) , activation of Notch3 could not be discerned as changes in molecular weight or cleavage of Notch3 PIC (either to NEXT or NICD), which remained constant during the experiments, including after pharmacological inhibition of Notch3 activation (e.g., Fig. 3 ). As with Notch3 PIC, no changes were observed in the expression of the full-length protein (data not shown). However, levels of Notch3 NECD decreased in response to cyclic stretch (Fig. 1 ). This decrease in NECD was prevented by inhibition of ADAM/TACE (TAPI-1, 50 mol/l) but not by inhibition of ␥-secretase (DAPT, 20 mol/l; Fig. 3 ), confirming that it reflects S2 activation of Notch3, which releases NECD. As observed with cyclic stretch, activation of Notch3 by Jag1-Fc 
-S-phenylglycine t-butyl ester (DAPT; 20 mol/l), were exposed to cyclic uniaxial stretch (10%, 1 Hz) or not stretched for 60 min. Expression levels of NECD, PIC, Hes1, and ␤-actin were determined by Western blot analysis. Data are expressed as percent changes in protein level from nonstretched control cells (normalized to ␤-actin) and are presented as means Ϯ SE; n ϭ 3. Statistically significant differences from nonstretched control cells (**P Ͻ 0.01; ***P Ͻ 0.001) and from stretched control cells (##P Ͻ 0.01; ###P Ͻ 0.001; not shown for comparisons with nonstretched cells) are indicated. Fig. 4 . Activation of Notch3 signaling by the exogenous agonist Jagged1 (Jag1)-Fc (1 g/ml). Cultured VSMCs were exposed to Jag1-Fc (1 g/ml) for up to 3 h, and the expression levels of NECD, PIC, Hes1, and ␤-actin were determined by Western blot analysis. Data are expressed as percent changes in protein level from 0 h (normalized to ␤-actin) and are presented as means Ϯ SE; n ϭ 3. Statistically significant differences from time 0 (*P Ͻ 0.05; ***P Ͻ 0.001) are indicated.
(1 g/ml) caused a time-dependent decrease in Notch3 NECD (Fig. 4) .
Role of ROS in stretch-induced activation of Notch3. The ability of stretch to increase the generation of ROS in VSMCs (7, 30) was confirmed using the fluorescent probe DCDHF (Fig. 5) (30) . The stretch-induced increase in DCDHF fluorescence was not significantly affected by siRNA-mediated downregulation of Notch3 expression (Fig. 5) . Inhibition of H 2 O 2 by catalase (1,200 U/ml) abolished the effect of stretch to stimulate the Notch3-dependent expression of Hes1 and the S2 cleavage-dependent decrease in Notch3 NECD (Fig. 6) . In nonstretched cells, a cell-permeable mimic of SOD, manganese(III) tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP; 25 mol/l), which increases the activity of H 2 O 2 in VSMCs (34), increased the expression of Hes1 and decreased levels of Notch3 NECD (Fig. 7) . The effect of MnTMPyP to increase Hes1 expression was markedly reduced by siRNA-mediated suppression of Notch3 expression (Fig. 7B) .
To confirm the role of H 2 O 2 in cyclic stretch-induced activation of Notch3 in VSMCs, experiments evaluated the translocation of Notch3 from the plasma membrane to the nucleus. Exogenous H 2 O 2 (50 mol/l) acted in a similar manner to the exogenous Notch agonist Jag1-Fc (1 g/ml) and caused significant translocation of Notch3 from the membrane to the nuclear fraction of VSMCs (Fig. 8) . Cyclic stretch also caused translocation of Notch3 from the membrane to the nuclear fraction, which was abolished by catalase (1,200 U/ml; Fig. 9 ).
The activity of ADAM/TACE, which mediates S2 activation of Notch3, was increased in response to cyclic stretch (Fig. 10A) . This stretch-induced increase was abolished by catalase (1,200 U/ml; Fig. 10B ). Direct elevation of H 2 O 2 activity using MnTMpyP (25 mol/l) also increased AD-AM/TACE activity (Fig. 10C) .
Role of Notch3 in stretch-induced realignment of VSMCs. Stretch causes the realignment of VSMCs, which is dependent Fig. 5 . Stretch-induced increase in ROS activity in VSMCs using laser scanning microscopy analysis of 5-(and 6)-chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate (DCDHF) fluorescence. Cells were exposed to cyclic uniaxial stretch (10%, 1 Hz) or left nonstretched for 5 min, and fluorescence intensity was then determined as described in MATERIALS AND METHODS. Data are expressed as percent changes of fluorescence intensity from nonstretched control siRNA-transfected cells and are presented as means Ϯ SE; n ϭ 3. Statistically significant differences from nonstretched control siRNA-transfected cells (***P Ͻ 0.001) are indicated. on stretch-induced generation of ROS and activation of p38 MAPK (7) . In the present study, cyclic stretch increased levels of phosphorylated p38 MAPK (PO 4 -p38 MAPK) but not total p38 MAPK, and this effect was significantly reduced by catalase (1,200 U/ml) or by siRNA-mediated suppression of Notch3 expression (Fig. 11) . The exogenous Notch agonist Jag1-Fc (1 g/ml) did not cause activation of p38 MAPK (data not shown). Cyclic stretch also caused realignment of VSMCs (ϳ70°relative to the stretch direction), which was prevented by catalase (1,200 U/ml; Fig. 12A ) or by the p38 MAPK inhibitor SB-202190 (10 mol/l; data not shown). Furthermore, the stretch-induced realignment of VSMCs was dramatically reduced by inhibiting the S2 (TAPI-1, 50 mol/l)-or S3 (DAPT, 20 mol/l)-dependent activation of Notch3 or by inhibiting Notch3 expression (siRNA) (Fig. 12, B and C) .
DISCUSSION
Arterial VSMCs of Notch3
Ϫ/Ϫ mice display selective functional defects in cerebral autoregulation and pressure-induced myogenic constriction while retaining the ability to constrict normally to other stimuli (4, 8) . They also fail to mature properly during postnatal development, which is highlighted by the decreased expression of differentiation markers and incorrect orientation around the vessel lumen (4, 8) . These VSMC defects are consistent with impaired mechanosensitivity of VSMC to acute (e.g., autoregulation and myogenic response) or chronic (e.g., postnatal maturation) exposure to increases in blood (or luminal) pressure (4, 8) . The present study provides the first direct demonstration that Notch3 contributes to the mechanosensitivity of VSMCs. Cyclic uniaxial stretch of human arterial VSMCs caused activation of Notch3, which was mediated by redox signaling and contributed to stretch-induced orientation of the VSMCs. Hemodynamic forces were thought to be a primary mediator in promoting postnatal maturation of arteries and the distinct differentiation program of arteries and veins (35) . However, the locationdependent expression and activity of signaling molecules like Notch suggested that these vascular structures are genetically preprogrammed (35) . The results of the present study suggest that genetic preprogramming and hemodynamic forces can act in concert during postnatal maturation of the arterial system through the mechanosensitive activation of VSMC Notch3.
Activation of Notch3 signaling by cyclic uniaxial stretch of VSMCs was evident from the stretch-induced increase in the translocation of Notch3 from the plasma membrane to the nucleus and stretch-induced expression of the Notch3 target proteins HRT1 and Hes1, which was prevented by inhibiting Notch3 expression (siRNA) or activation (S2 or S3 cleavage). Interestingly, mechanical strain generated by receptor endocytosis has been proposed to contribute to ligand-dependent activation of Notch (9, 19) . Activation of cell surface Notch3 is dependent on sequential proteolysis. ADAM/TACE metalloproteases cleave Notch PIC [also termed Notch transmembrane and intracellular domain (NTMICD)] at S2, terminating its interaction with the extracellular domain (NECD), which is then internalized and degraded (29) . The S2-cleaved mem- brane-tethered fragment of PIC (NEXT) is then processed by ␥-secretase (at S3), releasing NICD, which translocates to the nucleus and regulates gene transcription (9, 19) . Although we observed stretch-induced translocation of Notch3 from the membrane to the nucleus, we were not able to discern the small changes in molecular weight associated with the S2 and S3 cleavage of Notch3 PIC, in agreement with a previous study (15) . Neither activation nor inhibition of Notch3 caused any changes in the molecular size of the PIC band. Furthermore, the translocation of this species to the nucleus indicates that the PIC band actually represents the NTMICD, NEXT, and NICD Notch3 species. Despite significant translocation between different cellular domains, the combined total of these proteins remained relatively constant during the course of the present study. In contrast, after activation of Notch3 by stretch or by the exogenous agonist Jag1-Fc, we observed significant loss of the Notch3 NECD species. Release of this species occurs during the S2 cleavage step. Indeed, the reduction in NECD was prevented by inhibiting S2 but not S3 processing of Notch3. Therefore, the S2-dependent loss of NECD provides a novel assay for monitoring a key proximal step in Notch3 activation within VSMCs. Although loss of NECD was not dependent on S3 cleavage, functional responses to Notch3 activation were highly dependent on this distal step in Notch3 activation and were blocked by inhibiting ␥-secretase.
Stretch-induced mechanotransduction in VSMCs is known to be regulated by redox signaling initiated by stretch-induced activation of NADPH oxidase and increased ROS activity (7, 23, 30, 31 ). ROS, in particular H 2 O 2 , contribute to the activation of downstream signaling (e.g., p38 MAPK) (3, 7, 34, 37) and VSMC responses including contraction (arteriolar myogenic response) (30) and reorientation (7) in response to stretch. The results of the present study confirm that uniaxial stretch of VSMCs generates a burst in ROS activity, which contributes to the activation of p38 MAPK and subsequent cellular reorientation. They further demonstrate a novel role for Notch3 in this VSMC mechanotransduction. Indeed, as was observed with inhibition of H 2 O 2 (catalase) or p38 MAPK (SB-202190), the molecular (siRNA) or pharmacological inhibition (inhibiting S2 or S3 cleavage) of Notch3 abolished the stretch-induced reorientation of VSMCs in response to uniaxial stretch.
The stretch-induced activation of Notch3 was prevented by catalase, which specifically degrades H 2 O 2 , indicating that it was mediated by the stretch-induced increase in H 2 O 2 . Indeed, elevation in H 2 O 2 levels, either by providing exogenous H 2 O 2 or increasing endogenous levels [using the SOD mimic MnTMPyP (34)], was sufficient to activate Notch3, causing nuclear translocation of Notch3, an elevation in Hes1 expression, or decreased levels of Notch3 NECD. Catalase prevented the stretch-induced translocation of Notch3 to the nucleus, the stretch-induced increase in Hes1, and the stretch-induced decrease in Notch3 NECD. Because this loss of NECD reflects a proximal step in Notch3 signaling, its modulation by catalase confirms that endogenous H 2 O 2 is involved in a proximal step of Notch3 activation. Indeed, TACE, which mediates the S2 cleavage-dependent release and loss of NECD, has been demonstrated to be activated by H 2 O 2 in numerous studies, which 1 h; B) on the activity of Notch3 as assessed by the translocation of Notch3 from the membrane to the nucleus. Cells that had been incubated in the absence and presence of the stimuli were processed to separate nuclear, cytosolic, and membrane fractions as described in MATERIALS AND METHODS. Effectiveness of the fractionation was assessed by analyzing the expression by Western blot analysis of lamin A/C (for nuclei), GAPDH (for the cytosol), and EGF receptor (EGFR; for membranes). Notch3 expression was also assessed by Western blot analysis (PIC). Membrane and nuclear Notch3 were expressed as percent changes in the levels of nontreated cells (normalized to EGFR and lamin A/C expression, respectively) and are presented as means Ϯ SE; n ϭ 3. Statistically significant differences from nontreated control cells (*P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001) are indicated.
may result from reversible oxidation of critical thiols in the inhibitory prodomain (43) or the mature enzyme (41) . In the present study, cyclic uniaxial stretch increased TACE activity in VSMCs, and this was prevented by catalase, suggesting it was mediated by the stretch-induced increase in H 2 O 2 . Indeed, in nonstretched cells, TACE activity was increased by directly elevating endogenous H 2 O 2 levels using MnTMPyP. Therefore, the cyclic stretch-induced and ROS-dependent increase in Fig. 10 . Regulation of TACE activity by cyclic uniaxial stretch (A and B) or the cell permeable SOD mimic MnTMPyP (25 M; C). A: cells were exposed to increasing periods of cyclic uniaxial stretch (10%, 1 Hz, up to 3 h). TACE activity was expressed as the percent change from 0 h and is presented as means Ϯ SE; n ϭ 4. Statistically significant differences compared with the 0-h time point (**P Ͻ 0.01) are indicated. B: cells were incubated in the absence or presence of catalase (1,200 U/ml, 4 h) before being exposed to cyclic uniaxial stretch (10%, 1 Hz) or left nonstretched for 30 min. TACE activity was expressed as the percent change from untreated nonstretched control cells and is presented as means Ϯ SE; n ϭ 4. Statistically significant differences compared with untreated nonstretched control cells (**P Ͻ 0.01) and compared with untreated stretched cells (##P Ͻ 0.01) are indicated. C: cells were exposed to MnTMPyP (25 M) for up to 3 h. TACE activity was expressed as the percent change from the 0-h time point and is presented as means Ϯ SE; n ϭ 3. Statistically significant differences compared with the 0-h time point (**P Ͻ 0.01; ***P Ͻ 0.001) are indicated. Fig. 9 . Effects of cyclic uniaxial stretch (10%, 1 Hz) and/or catalase (1,200 U/ml) on the activity of Notch3 as assessed by the translocation of Notch3 from the membrane to the nucleus. Cells that had been incubated in the absence and presence of catalase (1,200 U/ml, 4 h) were then exposed to cyclic uniaxial stretch (10%, 1 Hz) or left nonstretched for 1 h. Samples were processed to separate nuclear, cytosolic, and membrane fractions as described in MATERIALS AND METHODS. Effectiveness of the fractionation was assessed by analyzing the expression by Western blot analysis of lamin A/C (for nuclei), GAPDH (for the cytosol), and EGFR (for membranes). Notch3 expression was also assessed by Western blot analysis (Notch3 PIC, predominantly intracellular component). Notch3 PIC was spliced between cytosol and membrane fractions to match the order of lamin A/C, GAPDH, and EGFR, and white spaces were inserted between images of these two fractions. Membrane and nuclear Notch3 were expressed as percent changes in the levels in nonstretched control cells (normalized to EGFR and lamin A/C expression, respectively) and are presented as means Ϯ SE; n ϭ 3. Statistically significant difference from nonstretched control cells (**P Ͻ 0.01) and from untreated stretched cells (#P Ͻ 0.05; ##P Ͻ 0.01; not shown for comparisons with nonstretched cells) are indicated.
TACE activity likely contributes to the activation of Notch3. This is the first demonstration of redox-dependent modulation of Notch3 activity. A previous study (5) reported that Notch1 can be activated by exogenous glucose oxidase, which was proposed to be mediated by ROS-dependent stimulation of TACE, although the role of ROS was not directly assessed.
MAPK signaling pathways, particularly p38 MAPK, have been previously demonstrated to be oxidant sensitive and activated by cyclic stretch in VSMCs. Furthermore, inhibition of p38 MAPK, but not ERK1/2, has been shown to abolish cyclic stretch-induced VSMC realignment and shear stressinduced endothelial cell realignment (2, 7), which may reflect 11 . Role of oxidants and Notch3 in regulating stretch-induced activation of p38 MAPK. p38 MAPK activity was assessed by Western blot analysis. PO4-p38 MAPK was expressed as the percent change of protein level from 0 min (normalized to total p38 protein) and is presented as means Ϯ SE; n ϭ 3. Statistically significant differences compared with the corresponding 0-min time point (*P Ͻ 0.05; **P Ͻ 0.01) and from control cells at the same time point (#P Ͻ 0.05) are indicated. A: effect of catalase (1,200 U/ml, 4 h) on stretch-induced p38 MAPK activity. B: effect of siRNA knockdown of Notch3 on stretch-induced p38 MAPK activity. a role for p38 MAPK signaling in actin reorganization and cell movement (13, 14) . In the present study, cyclic stretch increased the activation of p38 MAPK, which was abolished by catalase, consistent with previous reports. Cross-talk has been demonstrated between Notch and p38 MAPK signaling pathways. Notch activity is associated with increased p38 MAPK signaling in macrophages (27) and glia (10) . However, p38 MAPK has also been reported to regulate Notch3 activity in a negative manner in fibroblasts (18) and Notch1/2 in a positive manner in Ras-transformed cells (42) and skeletal muscle (6) . Therefore, the cross-talk between Notch and p38 MAPK appears to be determined by cell type and context. In the present study, we observed that Notch3 was necessary for cyclic stretch-induced p38 MAPK activation in VSMCs. However, the exogenous Notch agonist Jag1-Fc, which activated Notch3 in VSMCs, did not increase p38 MAPK activity. Therefore, these results suggest that Notch3 may not directly activate p38 MAPK in VSMCs but that it plays a permissive role to amplify stretch-induced activation of the signaling pathway. The mechanism(s) underlying this permissive activity was not defined in the present study.
Although mechanosensitive activation of Notch3 by cyclic uniaxial stretch is in agreement with the VSMC dysfunctions observed in Notch3 Ϫ/Ϫ mice (4, 8), a previous study (25) observed that equibiaxial stretch of rat VSMCs decreased Notch3 activity, which was based on decreased expression of Notch-3-dependent target genes (HRT and Hes). This likely reflects the ability of equibiaxial stretch to produce opposite responses in VSMCs compared with the more physiologically relevant uniaxial stretch (32) . In addition to Notch3, the human VSMCs used in the present study express Notch1 and Notch2 proteins (36) . Therefore, other Notch receptors could be modulated by the pharmacological inhibitors used in the present study, and these receptors as well as Notch-independent mechanisms may contribute to the expression of the Notch target proteins Hes1 and HRT1. However, our results clearly demonstrate a key role for Notch3 in the responses to cyclic stretch. Cyclic stretch caused the activation of Notch3, demonstrated by the nuclear translocation of Notch3 and loss of Notch3 NECD. Furthermore, the stretch-induced expression of Hes1 and stretch-induced realignment of VSMCs were abolished by the specific molecular knockdown of Notch3 (siRNA) as well as by inhibitors of Notch activation.
In conclusion, we demonstrated that cyclic uniaxial stretch causes a burst in ROS activity in human VSMCs, resulting in redox activation of TACE and Notch3, and that this mechanosensitive activation of Notch3 contributes to stretch-induced signaling and alignment of VSMCs. The mechanosensitive activity of VSMC Notch3 explains the vascular defects observed in Notch3
Ϫ/Ϫ mice and may contribute to the activity of Notch3 during vascular development and the vascular dysfunction associated with Notch3 mutations in cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (4, 8, 9) .
